The mass domain where massive extrasolar planets and brown dwarfs overlap is still poorly understood due to the paucity of brown dwarfs orbiting close to solar-type stars, the so-called brown dwarf desert. In this paper we collect all of available data about close brown dwarfs around solar type stars and their host stars from literature and study the demographics of the brown dwarf desert. The data clearly show a short period and a medium mass gap in the brown dwarf period-mass distribution diagram (35 < m sin i < 55M Jup and P < 100 days), representing the "driest land" in the brown dwarf desert. Observation biases are highly unlikely to cause this gap due to its short period and medium mass, of which brown dwarfs can be easily detected by previous RV surveys. Brown dwarfs above and below this gap have significantly different eccentricity distribution, which not only confirms that this gap is real, but also implies that they may have different origins. Our further statistical study indicates that brown dwarfs below this gap may primarily form in the protoplanetary disk through disk gravitational instability, while brown dwarfs above this gap may dominantly form like a stellar binary through molecular cloud fragmentation. Our discoveries have offered important insights about brown dwarf formation mechanisms and their possible relationships with planet and star formation.
INTRODUCTION
Brown dwarfs (BD) are in the mass range of approximately 13−80 Jupiter masses, having sufficient masses to burn deuterium but not enough to burn hydrogen in their inner cores (Burrows et al. 1997; Chabrier & Baraffe 2000; Burrows et al. 2001; Spiegel, Burrows, & Milsom 2011) . The first discovery of a bona-fide BD (Rebolo et al. 1995; Nakajima et al. 1995; Oppenheimer et al. 1995; Basri et al. 1996; Rebolo et al. 1996) came in the same year as the discovery of the first extra-solar planet around a solar type star, 51 Peg b (Mayor & Queloz 1995) . One of the major achievements of high-precision radial velocity (RV) surveys over the past two decades is the identification of a brown dwarf desert, a paucity of brown dwarf companions relative to planets within 3 AU around main-sequence FGKM stars Grether & Lineweaver 2006) . Although the induced reflex RV signal by a close BD companion on a solar type star is well within the detection sensitivities of the high precision RV surveys (∼ 3 − 10 m/s), only a few dozens are known (Reid & Metchev 2008; Sahlmann et al. 2011a and references therein) compared to over five hundred giant planets detected so far by RV technique. The California & Carnegie Planet Search measured an occurrence rate of 0.7% ± ⋆ E-mail:boma@astro.ufl.edu 0.2% from their sample of ∼ 1000 target stars Patel et al. 2007) , and the McDonald Observatory Planet Search shows a similar rate of 0.8% ± 0.6% from a search sample of 250 stars ). Sahlmann et al. (2011a) obtained an upper limit of 0.6% for the frequency of close BD companions based on the uniform stellar sample of the CORALIE planet search, which contains 1600 solar type stars within 50 pc.
To assess the reality of the brown dwarf desert, Grether & Lineweaver (2006) performed a detailed investigation of the companions around nearby Sun-like stars. They found that approximately 16% of nearby Sun-like stars have close (P < 5 yr) companions more massive than Jupiter: 11% ± 3% are stellar companions, < 1% are BDs, and 5% ± 2% are giant planets. Although the close BDs are rare around solar type stars, Gizis et al. (2001) suggests that BDs might not be as rare at wide separations (see also Metchev & Hillenbrand 2004) as at close separations. Lafrenière et al. (2007) obtained a 95% confidence interval of 1.9 +8.3 −1.5 % for the frequency of 13−75MJup companions between 25−250AU in the Gemini Deep Planet Survey around 85 nearby young stars. Metchev & Hillenbrand (2009) BDs are traditionally believed to form like stars, through c 0000 RAS gravitational collapse and/or fragmentation of molecular clouds (Padoan & Nordlund 2004; Hennebelle & Chabrier 2008) . A recently found self-gravitating clump of gas and dust has a mass (0.015 − 0.03 M⊙) in the BD regime (André, Ward-Thompson, & Greaves 2012) , which supports the idea that BDs could form like a star. On the other hand, companions with masses up to 10 MJup (Alibert et al. 2005) or even 38 MJup (Mordasini et al. 2009 ) may form in protoplanetary disks according to the standard core-accretion planet formation theory. Because of this, the brown dwarf desert is commonly interpreted as the gap between the largest mass objects that can be formed in protoplanetary disks, and the smallest mass clumps that can collapse and/or fragment in the vicinity of a protostar. The mass function of close stellar companions shows a linear decrease in log(M) toward the BD mass range from both stellar mass and planetary mass directions (Grether & Lineweaver 2006) . In comparison, the mass function of isolated substellar objects seems to be roughly flat in log(M) down to masses ∼ 20 MJup, both in the field and in clusters (Luhman et al. 2000; Chabrier 2002 ). This indicates that close BD companions may form in a different way from those formed in the field and clusters.
As such, statistical properties of close BD companions as well as how these properties are related to their host stars, contain a lot of information about the poorly understood BD formation mechanisms and their relationships with star and planet formations in close orbital environments. These statistics may also be important to investigating how additional important processes such as tidal evolution and disk-planet interaction affect close BD properties (e.g., Armitage & Bonnell 2002; Matzner & Levin 2005) . Given that the close BD occurrence rate is < 1%, currently there has yet been a single large, relatively uniform RV survey capable of producing a large homogeneous sample of BD companions for a meaningful statistical study Ge et al. 2008; ). However, all of the previous RV planet surveys have sufficient RV sensitivity and time baseline (at least more than 2 years, e.g., Ge et al. 2008; Ge et al. 2009; Eisenstein et al. 2011 ) to detect a majority of close BDs around solar type stars due to the large RV amplitude (on the order of ∼ 1000 m/s, vs. a few to a few tens m/s RV precisions in previous RV planet surveys). It is, therefore, possible to combine close BD companion samples together for a statistical study without major biases.
In this paper we assembled a catalog of all the BD companions discovered around solar type star from literature and used it to conduct a statistical study. We have found tentative evidence for the existence of two different populations of BD companions. We present the BD catalog assembled in this study in §2 , statistical properties of BD companions in §3 and discuss their implication for different BD formation scenarios in §4. We summarize our main results in §5.
CATALOG DESCRIPTION
We have collected data from literature about the currently known BD (candidates) companions around FGK type stars. Most of them have known Keplerian orbits, except for HIP 78530 (discovered by direct imaging; Lafrenière et al. 2011), KOI-205.01 (unpublished yet; Santerne et al. 2012) and KOI-554.01 (unpublished yet; Santerne et al. 2012) . Properties of the BDs (minimum mass, period and eccentricity) and their host stars (mass, effective temperature, surface gravity and metallicity) are summarized in Table 1 . For those which are transiting their parent stars or have astrometry measurements, true masses are also given besides M sin i.
OBSERVED PROPERTIES OF BROWN DWARFS

Orbital Period Distribution
The distribution of orbital periods of BDs has two main features ( Fig. 1 ): a relatively flat distribution inside P ∼ 100 days and a sharp jump beyond P ∼ 100 days. The drop beyond P ∼ 1000 days is likely due to the observational incompleteness since 1) it is more difficult to detect a BD companion over a long period than a short period with RVs and 2) some RV surveys (such as the SDSS-III MARVELS, Ge et al. 2008; Ge et al. 2009; Eisenstein et al. 2011) do not cover beyond this period. It is evident that the number of BDs increases with the orbital period, even though RV and transit observations are biased toward discovering objects in short-periods. The position of the maximum of the distribution is unknown due to the different duration limit of most of the old surveys (several thousand days). This increasing distribution is consistent with the results from high contrast and high angular resolution imaging surveys, which find evidence for a higher fraction of BD companions at wide orbits than at close orbits (Lafrenière et al. 2007; Metchev & Hillenbrand 2009; Chauvin et al. 2010; Janson et al. 2012 (Duquennoy & Mayor 1991) show an increasing number distribution with period. However, there is no 3-day pile up with the BD distribution as shown in giant planets . The reason may be that BDs initially form in the protoplanetary disks further away from the host stars where protoplanetary disks have more materials to efficiently form BDs than at the close-in regions, and the migration mechanism may not efficiently move such a massive body to a short period orbit (Trilling et al. 1998; Nelson et al. 2000; Trilling, Lunine & Benz 2002) . On the other hand, BDs forming at the same time as the primary stars may migrate inward quickly in the initial gas rich disks and thus be destroyed via mergers with the stars (Armitage & Bonnell 2002) .
The Period-Mass Diagram
The period-mass distribution of BDs shows a statistically significant gap at the short period and medium mass region as illustrated in Fig. 2 . In this plot, a rectangular area with P < 100 d and 35MJup < M < 55MJup is highlighted to show the gap within which BDs are nearly depleted while there are numerous BDs around this region. It appears that this gap is real since it is unlikely caused by detection sensitivity (RV precision) or observation biases (due to survey incompleteness). Previous RV observations have detected many BDs with masses less than the lower limit (∼35 MJup) of this region and also BDs with periods significantly longer than the period limit of this region (∼100 days). RV sensitivities with three moderate RV precisions, 50 m/s, 100 m/s and 150 m/s, shown in Fig. 2 clearly illustrate that any of BDs in the gap should be detected easily with these moderate RV precisions. To further verify if this feature is real, we divided the BD sample into two groups according to their periods (P < 100 days and P > 100 days) and plotted their mass cumulative histograms in Fig. 3 for comparison. It is apparent that a depletion of BDs with masses between 35 and 55MJup appears in the cumulative histogram for the short period group while no depletion of BDs appears in the cumulative histogram for the long period group. We carried out a simple Monte Carlo experiment to test the emptiness of this gap on the period-mass diagram. There are a total of 25 BDs with period shorter than 100 days in our BD sample. We assumed simply that their masses are uniformly distributed between 13 and 80MJup. Then we drew their masses randomly from this uniform distribution and counted how many of them will fall in the mass range of 35 to 55MJup. We found the probability that less than 3 BDs will fall in this gap is 0.9%, which corresponds to a 2.6σ significance. A larger BD sample in the future will be better to assess the significance of this gap.
The appearance of this depleted region in the BD period-mass diagram has naturally divided BDs into two mass groups: one with masses greater than 42.5MJup and the other less than 42.5MJup. Their properties and origins may be different. We further explore properties of these two groups and study possible origins.
Orbital Eccentricity Distribution
The orbital eccentricities show great difference for the two BD groups with masses greater and lower than 42.5MJup, respectively. Fig. 4 shows the period-eccentricity distribution of all known BDs. The period-eccentricity distribution of BDs with masses greater than 42.5MJup is consistent with a circularization limit of ∼ 12 days, which is similar to that found in nearby stellar binaries (Raghavan et al. 2010) . It is clear that there are a significant number of BDs with 300 d < P < 3000 d and e < 0.4 for BDs with masses lower than 42.5MJup, but no BDs with masses greater than 42.5MJup. We have done a two-dimensional KolmogorovSmirnov (K-S) test for the period-eccentricity distribution of BDs with masses greater and lower than 42.5MJup. The probability that these two BD samples are drawn from the same distribution in the period-eccentricity plane is 1.7%.
Next we are going to compare the period-eccentricity distribution of the BDs to that of stellar binaries. Halbwachs et al. (2003) have studied the statistical properties of a sample of 89 FGK type main-sequence binaries with periods up to 10 year. Here we choose to use their 89 binary sample for our comparison. To compare the period-eccentricity distribution between BDs and stellar binaries we made use of a two-dimensional K-S test. The probability for the period-eccentricity distribution to be the same is 18% between BDs with masses above 42.5MJup and the stellar binary sample, and 0.1% between BDs with masses below 42.5MJup and the stellar binary sample. These results suggest that BDs with masses greater than 42.5MJup have a very similar period-eccentricity distribution to that of stellar binaries, and their formation mechanisms may be similar.
The difference of the orbital eccentricities for BDs with different masses is further illustrated in the mass-eccentricity plot shown in Fig. 5 . By including all currently known planets (from exoplanet.org) and brown dwarfs (this paper) in this plot, a clear trend is shown: all the known giant planets and BDs with masses below ∼ 42.5MJup have the eccentricity distribution following a trend, i.e., the more massive the giant planet/BD is, the lower maximum eccentricity it tends to have while BDs above this mass threshold do not show such a trend, instead showing more diversity in their eccentricities.
Metallicity of the BD Host Stars
The BD host stars in this study have a mean metallicity of [Fe/H] = −0.04 with a standard deviation of 0.28. For comparison, Sousa et al. (2011) found that a mean metallicity for the CORALIE survey sample of 1248 stars and the HARPS survey sample of 582 stars is [Fe/H]=−0.11 and −0.10, respectively. However, since some exoplanet surveys choose samples biased towards metal rich stars (e.g., Valenti & Fischer 2005) , the slightly higher mean metallicity of BD host stars is possibly caused by the sample bias.
After comparing the BD host star metallicities with the volume limited sample from Sousa et al. (2011) and the planet search sample from Valenti & Fischer (2005) , we find that the BD host star metallicity distribution is consistent with the combination of these two samples. This means we cannot interpret the BD host star sample as metal rich. We compared metallicities of BD host stars with that of giant planet (1MJup < m sin i < 5MJup) host stars. The data of giant planet host stars is taken from the Exoplanet Orbit Database (Wright et al. 2011) . A K-S test shows that the probability of these two samples selected from the same distribution is 2 × 10 −4 . This indicates that the two samples are significantly different from each other.
We investigated the correlation between BD host star metallicities and BD masses. The Spearman's rank correlation coefficient of the BD mass and their host star metallicity is 0.07 with a 61% significance, suggesting there is no significant correlation between the BD mass and their host star metallicity.
We also divided the BD companions into two subsample according to their masses. The cumulative metallicity distribution for host stars with BD companion masses above and below 42.5MJup is shown in Fig. 6 . The main difference between these two distribution is at the lower metallicity end. Currently no BDs with masses Valenti & Fischer (2005) , the CORALIE planet search sample (Sousa et al. 2011 ) and giant planet sample from the Exoplanet Orbit Database (Wright et al. 2011). greater than 42.5MJup have been found around stars with [Fe/H]< −0.5, while several BDs with masses lower than 42.5MJup have been found in this metallicity regime. A K-S test has been conducted to show that the probability of these two sample metallicities are drawn from the same distribution is 70%, which suggests there is no significant difference between these two samples regarding their metallicity distribution.
DISCUSSION
Two Different Brown Dwarf Populations
Our study suggests that BDs with masses lower than ∼ 43MJup have an eccentricity distribution consistent with that of giant plan-ets in the mass-eccentricity diagram while BDs with masses above ∼ 43MJup have the star-like eccentricity distribution ( Figure 5 ). Our mass limit is consistent with the minimum of the mass functions of planet and stellar companions in the BD mass region, 43 +14 −23 MJup, derived by Grether & Lineweaver (2006) using their stellar companion and giant planet sample within 50 pc around the sun. This mass function minimum is also consistent with that derived by Sahlmann et al. (2011b) , who found a void in the mass range between 25 and 45 MJup using the data from the CORALIE radial-velocity survey. They further suggested that there may be a possible dividing line between massive planets and substellar companions. Schneider et al. (2011) has chosen arbitrarily and probably provisionally 25MJup as the upper limit of massive planets based on previous studies (e.g., Sahlmann et al. 2011b; Baraffe, Chabrier, & Barman 2010) .
Our BD sample is, therefore, naturally divided into two different groups with the mass limit of ∼ 42.5MJup. The eccentricity distribution of low mass BDs appears to be consistent with the prediction from the "planet-planet scattering" model (Rasio & Ford 1996; Chatterjee et al. 2008) , while the eccentricity distribution of massive BDs appears to be similar to that of stellar binaries as shown in § 3.3. The eccentricity distributions of these two groups support that BDs may form differently: BDs below this mass limit form in protoplanetary disks around host stars, and above this mass limit form like stellar binary systems. This is supported by our analysis results. The existence of a large population of long period low eccentricity BDs (P > 300 days and e < 0.4) serves as evidence to support the BD formation scenario in the protoplanetary disks for those companions with masses below 42.5MJup. While the lack of long period and low eccentric BD companions with masses above 42.5MJup appears to support the BD formation scenario like stellar binary formation. Nevertheless, a small number of BDs in each of these two mass regions may form in an opposite formation mechanism, but our sample is not sufficient to distinguish these minor groups.
BD formation mechanisms
Our study of metallicity distribution of BDs appears to support the disk instability mechanism (Boss 1997) for those BDs formed in the planetary disks, while it is inconsistent with the prediction of core-accretion formation mechanism (Pollack et al. 1996; Ida & Lin 2004; Alibert et al. 2005) . Currently, there are two hotly contested theories about giant planet formations: core-accretion and disk gravitational instability. In the core-accretion scenario, giant planets form more efficiently around metal rich planetary disks than metal poor planetary disks because the higher the grain content of the disk is, the easier the metal core is to build for giant planets (Pollack et al. 1996; Ida & Lin 2004; Alibert et al. 2005) . In contrast, the disk gravitational instability process allows similar formation efficiency for both metal rich and metal poor giant planets. Previous results show strong correlation between metallicity and giant planet occurrence rate around solar type stars (Santos, Israelian, & Mayor 2001; Valenti & Fischer 2005; ) strongly support the core-accretion formation scenario for giant planet formation (Pollack et al. 1996; Ida & Lin 2004; Alibert et al. 2005) . However, our result, showing no correlation between the BD occurrence rate and metallicity, appears to support the disk instability mechanism for formation of BDs in planetary disks.
For stellar companions, there appears to be a weak anticorrelation between metallicity and stellar companion occurrence rate (Raghavan et al. 2010) , i.e., lower-metallicity clouds might be more likely to fragment to form binary stars. If this applies to massive BDs, then we expect this anti-correlation. However, our current sample is too small to tell, but is at least not inconsistent with this statistics.
Upper Mass limit of Planets
Our study appears to help to address the upper mass limit of "planets". Here we define a "planet" as an object formed in a protoplanetary disk from the companion formation point of view. It has been long known that the low mass end of brown dwarfs overlaps the high mass end of massive planets formed in protoplanetary disks. From theoretical simulations, planets with masses up to 10 MJup (Alibert et al. 2005) or even 38 MJup (Mordasini et al. 2009 ) may form in protoplanetary disks. However, it is difficult to determine the upper mass limit of planet from observations since the high mass planets detected may actually be brown dwarfs formed as lowmass binaries. One way to tackle this problem is to search for debris disk around massive planet/BD host star, which support the idea that these objects are formed like a planet. Moro-Martín et al. (2010) have found evidence of debris disk around two massive planet host star (HD 38529 and HD 202206) , which supports formation of planets up to 17 MJup in a protoplanetary disk. The other way to resolve this problem is through the study of mass spectrum of massive planets/BD. Motivated by the observed mass distribution, this planet upper mass limit has been set at around 43 (Sahlmann et al. 2011b; Schneider et al. 2011) . Analysis conducted in this paper was also able to provide a clue about this upper mass limit. The cumulative BD mass distribution (Fig. 3) suggests this limit is in the range 30 − 60 MJup and mass-eccentricity relation (Fig. 5) suggests that this limit is around 43 MJup. It appears that the upper limit is around 43 MJup, which is consistent with the result found by Grether & Lineweaver (2006) , but is slightly larger than that from (Sahlmann et al. 2011b ).
SUMMARY
We have searched literature and presented a catalog of BD companions around solar type stars found by radial velocity, transiting and astrometry observations. We have studied distribution of different parameters of BD companions around solar type star, and found that:
(1) BD companions have an increasing distribution with period, similar to giant planets and low-mass binaries; (2) BD companions are almost depleted at P < 100 d and 30MJup < M < 55MJup in the period-mass diagram; (3) BD companions with masses below 42.5MJup have eccentricity distribution consistent with that of massive planets; (4) BD companions with masses above 42.5MJup have eccentricity distribution consistent with that of binaries, which shows the expected circularization for periods below 12 days, caused by tidal forces over the age of the Galaxy, followed by a roughly flat distribution; (5) Host stars of BD companions are not metal rich, and have significantly different metallicity distribution when comparing with host stars of giant planets, suggesting a formation scenario at least partly different from the core-accretion scenario.
The distribution of BD and their host star properties presented 
